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Recap: AeroCom IND3 experiments 
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Experiments designed to look at ERFaero for both liquid and ice clouds
10+ global aerosol-climate models (CH/DE, JP, UK, USA)

Horizonal winds nudged towards reanalysis (Zhang et al., 2014) 

High-frequency data available for cloud (e.g. LWP, IWP) and aerosol (e.g. CCN, 

IN) properties, as well as microphysics process rate. 
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Cloud type/phase and associated dynamical regimes 
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Absorb longwave radiation
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Reflect shortwave radiation
cool the atmosphere

Optically 
thick liquid 
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Modified from : https://earthobservatory.nasa.gov/Features/DelicateBalance
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ERFaer : TOA LW Flux Change (PD-PI)
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Liu et al. (in preparation)
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A deep dive into the high-frequency data 

Two regions defined for the Hovmöller diagram (time vs. longitude) 
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Satellite-retrieved and reanalysis OLR

Mid-latitude

Ti
m

e

Latitude Latitude



October 8, 2019 7

OLR: Mid-latitude (25N-50N, PD)

a) NOAA-HIRS
b) ERA-Interim
c) E3SMv1
d) AM3

e) ECHAM6-HAM2
f) GEOS-5
g) HadGEM3
h) CAM5.3
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OLR: Tropics (10S-10N, PD)

a) NOAA-HIRS
b) ERA-Interim
c) E3SMv1
d) AM3

e) ECHAM6-HAM2
f) GEOS-5
g) HadGEM3
h) CAM5.3
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OLRPD - OLRPI : Mid-latitude

year 2006
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OLR PD-PI: Tropics

year 2006
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!500 is overall well constrained, but less well in tropics

PD

PI

PD – PI 

Daily mean snapshots 



A consistent picture (E3SMv1 as an example) 
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manuscript submitted to Journal of Advances in Modeling Earth Systems (JAMES)

Figure 4. Left column: Annual mean spatial correlation between nudged simulations and reanalysis or

observation of selected physical quantities. Right column: As in the left column but showing the spatially av-

eraged temporal correlation. The top, middle and bottom rows corresponds to the polar regimes (60�S–90�S,

60�N–90�N), mid-latitudes (30�S–60�S, 30�N–60�N), and tropics (20�S–20�N), respectively. Like in Fig-

ure 2, all correlations were calculated from anomalies with respect to the monthly climatology. U , V , T , Q

are compared with ERA-Interim. The vertical velocity at 500 hP (!500) is also compared with ERA-Interim.

!500up and !500dn indicate results calculated from grid cells containing only upward or downward motion.

OLR and total precipitation are compared to ERA-Interim (shown as ERA) as well as satellite products (OLR:

AVHRR short for NOAA-AVHRR, HIRS short for NOAA-HIRS; PRECT: P-CDR short for PERSIANN-

CDR, TRMM). The anomaly correlations of OLR and PRECT were calculated from daily mean data; the

anomaly correlations of the other variables were calculated using 6-hourly instantaneous data.

–14–

Sun and Zhang et al. (2019)
JAMES under revision 

Mid-latitudes

Tropics
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Dynamical regimes and decomposition

is well recognized that climate models produce cloud
radiative feedbacks (i.e. changes in CRF in response to
an external perturbation) that differ greatly among the
models (Le Treut and McAvaney 2000). Even for a given
model, their sign may differ according to the type of
climate perturbation considered. For instance, Del Ge-
nio et al. (1996) show that the CRF anomaly produced
by the Goddard Institute for Space Studies (GISS)
GCM is positive in response to a uniform SST pertur-
bation, while it is negative when the longitudinal SST
gradient over the Pacific is altered. More recently, Yao
and Del Genio (2002) show that cloud radiative feed-
backs produced by the GISS model are significantly
different for climate changes associated with different
patterns of SST change. As the modification of the
tropical atmospheric circulation closely depends on the
pattern of SST change, one may speculate that these
results reflect differences in the dynamic component of
the cloud response.

We argue that unraveling the dynamic and thermo-
dynamic components of the cloud response to a climate
perturbation would help (1) to interpret the cloud or
radiation variations that are observed on long time scales
in the current climate, (2) to understand the diversity of
cloud radiative feedbacks produced by climate models,
and (3) to design strategies of evaluation of GCM clouds
and radiation that would allow to put constraints on the
climate sensitivity simulated by the models.

In Sect. 2, we propose a simplemethodology to unravel
and to quantify the dynamic and thermodynamic com-
ponents of cloud and radiation changes in observations or
in models. In Sect. 3, we use this method to analyze the
constrasted responses of three GCMs regarding the sen-
sitivity of the tropical CRF to a prescribed climate
warming. The relative roles of dynamic and thermody-
namic components at the regional scale and at the tropic-
wide scale are discussed, and the factors that control the
magnitude of each component on the large scale are
pointed out. Based on these results we propose, in Sect. 4,
a strategy for evaluating the dynamic and thermodynamic
components of the modelled cloud response to climate
change using satellite observations or mesoscale models.
A summary and a conclusion are given in Sect. 5.

2 Framework of analysis

2.1 Method

To unravel the dynamic and thermodynamic components of cloud
variations, we attempt to make more explicit the link between
clouds and the large-scale atmospheric circulation. Let C be any
cloud or radiative variable (such as cloud fraction, CRF, cloud
water content or radiative flux), and x a proxy of the large-scale
atmospheric circulation. Since the cloud types and CRF are
strongly controlled, at first order, by the large-scale vertical motion
of the atmosphere, here we use the large-scale vertical velocity at
500 hPa (expressed in hPa/day) for x. Then, we discretize the large-
scale tropical (30!S–30!N) circulation onto a series of dynamical
regimes corresponding to different values of x (intervals of 10 hPa/
day are used to define the circulation regimes). So doing, the
ascending branches of the Hadley-Walker circulation, that occur

mostly over the warmest portions of the tropics, correspond to
negative values of x, while regions of large-scale subsidence cor-
respond to positive values of x. The statistical weight of each
dynamical regime over the tropics, defined as the area covered by
regions having a vertical velocity x normalized by the total area of
the tropics, is referred to as Px. As any probability distribution
function (PDF), Px verifies:

Zþ1

"1

Pxdx¼ 1 : ð1Þ

Owing to mass conservation constraints, the tropically-averaged
vertical motion defined as

R1
"1 xPxdx is close to zero.

Let !C refer to the tropically-averaged value of C. Classically, it
may be defined as !C ¼

P
i riCi=

P
i ri where i refers to an individual

region or a model gridbox of the tropics, ri to the area of this
region, Ci to the value of C in this region, and the sum over i refers
to all regions of the latitude belt comprised within ±30! of latitude.
Alternatively, if Cx refers to the mean value of C in the dynamical
regime defined by x (in practice, Cx is computed by compositing
the regional values of C in x bins of 10 hPa/day1), !C can be
expressed in the ‘‘x basis’’ as:

!C ¼
Z1

"1

PxCxdx ð2Þ

We now consider climate perturbations around a time-mean
state (that may correspond to a long-term average of climate
variables or, in numerical experiments, to a ‘‘control’’ climate). Let
dC refer to the temporal perturbation of C around its time-aver-
aged value. The tropically averaged change in C associated with a
climate change may be expressed as2:

dc ¼
Zþ1

"1

CxdPxdxþ
Zþ1

"1

PxdCxdxþ
Zþ1

"1

dPxdCxdx : ð3Þ

The first rhs term of Eq. 3 arises from changes in the large-scale
atmospheric circulation associated with the climate change. Those
may be horizontal shifts of the large-scale dynamical patterns, or
local changes in the intensity or in the sign of the large-scale vertical
motion. It will be referred to as the dynamic component of dC: The
second term arises from the change of cloud or radiative properties
under given dynamical conditions. As it represents the part of dC
that does not directly result from circulation changes, it will be
referred to as the thermodynamic component of the C response to
climate change. It may arise for instance from the intrinsic sensi-
tivity of C to temperature variations, and eventually from other
processes such as changes in the atmospheric composition or
indirect effects of aerosols. The last term arises from the correlation
of dynamic and non-dynamic effects in dC:We will refer to it as the
term of co-variation3.

1 Although we use, in practice, finite intervals of x of 10 hPa/day to
define dynamical regimes, we will consider in the following nota-
tions that x intervals are infinitesimal
2 The discretized form of this equation, that is used in practice here,
is of the form: dC ¼

P
x CxDPx þ

P
x PxDCx þ

P
x DPxDCx

where DCx and DPx refer to the changes in Cx and Px
3 The change in cloudiness that occurs in a particular region of the
tropics may result from both local and remote influences. At first
approximation, if one considers that the remote effects are felt by
clouds mostly through changes in the large-scale atmospheric
motion, then the changes in cloud properties that occur for a given
dynamical regime (the thermodynamic component) can be con-
sidered as being much less dependent on remote effects. We insist
however that this is only an approximation: remote effects may
affect clouds through other factors than a change in x (a change in
the temperature lapse rate, the occurrence of dry intrusions in the
mid troposphere, etc)
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3 The change in cloudiness that occurs in a particular region of the
tropics may result from both local and remote influences. At first
approximation, if one considers that the remote effects are felt by
clouds mostly through changes in the large-scale atmospheric
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sidered as being much less dependent on remote effects. We insist
however that this is only an approximation: remote effects may
affect clouds through other factors than a change in x (a change in
the temperature lapse rate, the occurrence of dry intrusions in the
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mid troposphere, etc)
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dynamic thermodynamic co-variation 

Bony et al. (2004)

Expected in this study small
due to nudging

dominant negligible 
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Regions with low/high cloud appearance
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Regions with low/high cloud appearance

L: low clouds
H: high clouds
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Pw: PDF of !500 (PD)  

Calculated with 
3-hourly data 
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Pw-weighted ERFaer: d(LWCF*Pw) 
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Dynamical regimes and decomposition

is well recognized that climate models produce cloud
radiative feedbacks (i.e. changes in CRF in response to
an external perturbation) that differ greatly among the
models (Le Treut and McAvaney 2000). Even for a given
model, their sign may differ according to the type of
climate perturbation considered. For instance, Del Ge-
nio et al. (1996) show that the CRF anomaly produced
by the Goddard Institute for Space Studies (GISS)
GCM is positive in response to a uniform SST pertur-
bation, while it is negative when the longitudinal SST
gradient over the Pacific is altered. More recently, Yao
and Del Genio (2002) show that cloud radiative feed-
backs produced by the GISS model are significantly
different for climate changes associated with different
patterns of SST change. As the modification of the
tropical atmospheric circulation closely depends on the
pattern of SST change, one may speculate that these
results reflect differences in the dynamic component of
the cloud response.

We argue that unraveling the dynamic and thermo-
dynamic components of the cloud response to a climate
perturbation would help (1) to interpret the cloud or
radiation variations that are observed on long time scales
in the current climate, (2) to understand the diversity of
cloud radiative feedbacks produced by climate models,
and (3) to design strategies of evaluation of GCM clouds
and radiation that would allow to put constraints on the
climate sensitivity simulated by the models.

In Sect. 2, we propose a simplemethodology to unravel
and to quantify the dynamic and thermodynamic com-
ponents of cloud and radiation changes in observations or
in models. In Sect. 3, we use this method to analyze the
constrasted responses of three GCMs regarding the sen-
sitivity of the tropical CRF to a prescribed climate
warming. The relative roles of dynamic and thermody-
namic components at the regional scale and at the tropic-
wide scale are discussed, and the factors that control the
magnitude of each component on the large scale are
pointed out. Based on these results we propose, in Sect. 4,
a strategy for evaluating the dynamic and thermodynamic
components of the modelled cloud response to climate
change using satellite observations or mesoscale models.
A summary and a conclusion are given in Sect. 5.

2 Framework of analysis

2.1 Method

To unravel the dynamic and thermodynamic components of cloud
variations, we attempt to make more explicit the link between
clouds and the large-scale atmospheric circulation. Let C be any
cloud or radiative variable (such as cloud fraction, CRF, cloud
water content or radiative flux), and x a proxy of the large-scale
atmospheric circulation. Since the cloud types and CRF are
strongly controlled, at first order, by the large-scale vertical motion
of the atmosphere, here we use the large-scale vertical velocity at
500 hPa (expressed in hPa/day) for x. Then, we discretize the large-
scale tropical (30!S–30!N) circulation onto a series of dynamical
regimes corresponding to different values of x (intervals of 10 hPa/
day are used to define the circulation regimes). So doing, the
ascending branches of the Hadley-Walker circulation, that occur

mostly over the warmest portions of the tropics, correspond to
negative values of x, while regions of large-scale subsidence cor-
respond to positive values of x. The statistical weight of each
dynamical regime over the tropics, defined as the area covered by
regions having a vertical velocity x normalized by the total area of
the tropics, is referred to as Px. As any probability distribution
function (PDF), Px verifies:

Zþ1

"1

Pxdx¼ 1 : ð1Þ

Owing to mass conservation constraints, the tropically-averaged
vertical motion defined as

R1
"1 xPxdx is close to zero.

Let !C refer to the tropically-averaged value of C. Classically, it
may be defined as !C ¼

P
i riCi=

P
i ri where i refers to an individual

region or a model gridbox of the tropics, ri to the area of this
region, Ci to the value of C in this region, and the sum over i refers
to all regions of the latitude belt comprised within ±30! of latitude.
Alternatively, if Cx refers to the mean value of C in the dynamical
regime defined by x (in practice, Cx is computed by compositing
the regional values of C in x bins of 10 hPa/day1), !C can be
expressed in the ‘‘x basis’’ as:

!C ¼
Z1

"1

PxCxdx ð2Þ

We now consider climate perturbations around a time-mean
state (that may correspond to a long-term average of climate
variables or, in numerical experiments, to a ‘‘control’’ climate). Let
dC refer to the temporal perturbation of C around its time-aver-
aged value. The tropically averaged change in C associated with a
climate change may be expressed as2:

dc ¼
Zþ1

"1

CxdPxdxþ
Zþ1

"1

PxdCxdxþ
Zþ1

"1

dPxdCxdx : ð3Þ

The first rhs term of Eq. 3 arises from changes in the large-scale
atmospheric circulation associated with the climate change. Those
may be horizontal shifts of the large-scale dynamical patterns, or
local changes in the intensity or in the sign of the large-scale vertical
motion. It will be referred to as the dynamic component of dC: The
second term arises from the change of cloud or radiative properties
under given dynamical conditions. As it represents the part of dC
that does not directly result from circulation changes, it will be
referred to as the thermodynamic component of the C response to
climate change. It may arise for instance from the intrinsic sensi-
tivity of C to temperature variations, and eventually from other
processes such as changes in the atmospheric composition or
indirect effects of aerosols. The last term arises from the correlation
of dynamic and non-dynamic effects in dC:We will refer to it as the
term of co-variation3.

1 Although we use, in practice, finite intervals of x of 10 hPa/day to
define dynamical regimes, we will consider in the following nota-
tions that x intervals are infinitesimal
2 The discretized form of this equation, that is used in practice here,
is of the form: dC ¼

P
x CxDPx þ

P
x PxDCx þ

P
x DPxDCx

where DCx and DPx refer to the changes in Cx and Px
3 The change in cloudiness that occurs in a particular region of the
tropics may result from both local and remote influences. At first
approximation, if one considers that the remote effects are felt by
clouds mostly through changes in the large-scale atmospheric
motion, then the changes in cloud properties that occur for a given
dynamical regime (the thermodynamic component) can be con-
sidered as being much less dependent on remote effects. We insist
however that this is only an approximation: remote effects may
affect clouds through other factors than a change in x (a change in
the temperature lapse rate, the occurrence of dry intrusions in the
mid troposphere, etc)
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an external perturbation) that differ greatly among the
models (Le Treut and McAvaney 2000). Even for a given
model, their sign may differ according to the type of
climate perturbation considered. For instance, Del Ge-
nio et al. (1996) show that the CRF anomaly produced
by the Goddard Institute for Space Studies (GISS)
GCM is positive in response to a uniform SST pertur-
bation, while it is negative when the longitudinal SST
gradient over the Pacific is altered. More recently, Yao
and Del Genio (2002) show that cloud radiative feed-
backs produced by the GISS model are significantly
different for climate changes associated with different
patterns of SST change. As the modification of the
tropical atmospheric circulation closely depends on the
pattern of SST change, one may speculate that these
results reflect differences in the dynamic component of
the cloud response.

We argue that unraveling the dynamic and thermo-
dynamic components of the cloud response to a climate
perturbation would help (1) to interpret the cloud or
radiation variations that are observed on long time scales
in the current climate, (2) to understand the diversity of
cloud radiative feedbacks produced by climate models,
and (3) to design strategies of evaluation of GCM clouds
and radiation that would allow to put constraints on the
climate sensitivity simulated by the models.

In Sect. 2, we propose a simplemethodology to unravel
and to quantify the dynamic and thermodynamic com-
ponents of cloud and radiation changes in observations or
in models. In Sect. 3, we use this method to analyze the
constrasted responses of three GCMs regarding the sen-
sitivity of the tropical CRF to a prescribed climate
warming. The relative roles of dynamic and thermody-
namic components at the regional scale and at the tropic-
wide scale are discussed, and the factors that control the
magnitude of each component on the large scale are
pointed out. Based on these results we propose, in Sect. 4,
a strategy for evaluating the dynamic and thermodynamic
components of the modelled cloud response to climate
change using satellite observations or mesoscale models.
A summary and a conclusion are given in Sect. 5.

2 Framework of analysis

2.1 Method

To unravel the dynamic and thermodynamic components of cloud
variations, we attempt to make more explicit the link between
clouds and the large-scale atmospheric circulation. Let C be any
cloud or radiative variable (such as cloud fraction, CRF, cloud
water content or radiative flux), and x a proxy of the large-scale
atmospheric circulation. Since the cloud types and CRF are
strongly controlled, at first order, by the large-scale vertical motion
of the atmosphere, here we use the large-scale vertical velocity at
500 hPa (expressed in hPa/day) for x. Then, we discretize the large-
scale tropical (30!S–30!N) circulation onto a series of dynamical
regimes corresponding to different values of x (intervals of 10 hPa/
day are used to define the circulation regimes). So doing, the
ascending branches of the Hadley-Walker circulation, that occur

mostly over the warmest portions of the tropics, correspond to
negative values of x, while regions of large-scale subsidence cor-
respond to positive values of x. The statistical weight of each
dynamical regime over the tropics, defined as the area covered by
regions having a vertical velocity x normalized by the total area of
the tropics, is referred to as Px. As any probability distribution
function (PDF), Px verifies:

Zþ1

"1

Pxdx¼ 1 : ð1Þ

Owing to mass conservation constraints, the tropically-averaged
vertical motion defined as

R1
"1 xPxdx is close to zero.

Let !C refer to the tropically-averaged value of C. Classically, it
may be defined as !C ¼

P
i riCi=

P
i ri where i refers to an individual

region or a model gridbox of the tropics, ri to the area of this
region, Ci to the value of C in this region, and the sum over i refers
to all regions of the latitude belt comprised within ±30! of latitude.
Alternatively, if Cx refers to the mean value of C in the dynamical
regime defined by x (in practice, Cx is computed by compositing
the regional values of C in x bins of 10 hPa/day1), !C can be
expressed in the ‘‘x basis’’ as:

!C ¼
Z1

"1

PxCxdx ð2Þ

We now consider climate perturbations around a time-mean
state (that may correspond to a long-term average of climate
variables or, in numerical experiments, to a ‘‘control’’ climate). Let
dC refer to the temporal perturbation of C around its time-aver-
aged value. The tropically averaged change in C associated with a
climate change may be expressed as2:
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Zþ1

"1

CxdPxdxþ
Zþ1

"1

PxdCxdxþ
Zþ1

"1

dPxdCxdx : ð3Þ

The first rhs term of Eq. 3 arises from changes in the large-scale
atmospheric circulation associated with the climate change. Those
may be horizontal shifts of the large-scale dynamical patterns, or
local changes in the intensity or in the sign of the large-scale vertical
motion. It will be referred to as the dynamic component of dC: The
second term arises from the change of cloud or radiative properties
under given dynamical conditions. As it represents the part of dC
that does not directly result from circulation changes, it will be
referred to as the thermodynamic component of the C response to
climate change. It may arise for instance from the intrinsic sensi-
tivity of C to temperature variations, and eventually from other
processes such as changes in the atmospheric composition or
indirect effects of aerosols. The last term arises from the correlation
of dynamic and non-dynamic effects in dC:We will refer to it as the
term of co-variation3.

1 Although we use, in practice, finite intervals of x of 10 hPa/day to
define dynamical regimes, we will consider in the following nota-
tions that x intervals are infinitesimal
2 The discretized form of this equation, that is used in practice here,
is of the form: dC ¼

P
x CxDPx þ

P
x PxDCx þ

P
x DPxDCx

where DCx and DPx refer to the changes in Cx and Px
3 The change in cloudiness that occurs in a particular region of the
tropics may result from both local and remote influences. At first
approximation, if one considers that the remote effects are felt by
clouds mostly through changes in the large-scale atmospheric
motion, then the changes in cloud properties that occur for a given
dynamical regime (the thermodynamic component) can be con-
sidered as being much less dependent on remote effects. We insist
however that this is only an approximation: remote effects may
affect clouds through other factors than a change in x (a change in
the temperature lapse rate, the occurrence of dry intrusions in the
mid troposphere, etc)
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thermodynamic co-variation 

Bony et al. (2004)

dynamic
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Dynamical, thermodynamical, and covariation terms  

dynamic
thermodynamic

covariation

total
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Dynamical, thermodynamical, and covariation terms  

dynamic
thermodynamic

covariation

total

small dominant negligible 
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Further decomposition for different cloud phases  

Liquid phase only 

Ice phase only 

Note that normalization for 
liq/ice contribution is NOT 
done for this figure 

Overlapped ice/liquid clouds 
are NOT considered here. 

NP WP



Nudged IND3 simulations show reasonable hindcast skill over mid-
latitude, but less well-constrained in tropics

ERFaer is highly dependent on dynamical regimes and cloud phase. 

Much more interesting (some are weird) results will be shared with 
co-authors soon. 

Summary
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